Introduction swimming behavior of the cell in attractant gradients (Bren and Eisenbach, 1998 ). An additional property of Membrane-bound receptors are the conduits by which external ligand concentrations are reported to the cytothe ternary complex has been proposed; CheA and/or CheW are needed to generate the influence of covalent plasmic signaling apparatus of the cell. In the chemotaxis system of Escherichia coli and Salmonella, one modification on ligand binding (Lin et al., 1994) . Since the recent ligand binding studies were carried out with class of transmembrane receptor proteins (the methylatable chemotaxis proteins) is reversibly methylated receptor samples in which neither CheA nor CheW were present, this hypothesis has remained untested. A drawon specific glutamic acid residues on the cytoplasmic domain of the receptor. (See Levit et al., 1998 , and Falke back in using receptor binding measurements to assess the influence of CheA and CheW presents itself in situaet al., 1997, for recent reviews of the chemotaxis system.) The level of receptor methylation is regulated by tions where a substantial portion of the receptor population is not complexed to CheW and CheA (Iwama et a transferase and an esterase, which allows the cell to adapt to the ambient attractant concentration, and thus al., 1997), in which case a binding measurement will characterize the interaction with receptor molecules that serves to increase the range over which the bacterium may respond to stimuli. Since the steady-state methylaare unable to exert the influences of covalent modification. This drawback can be eliminated when receptortion level on receptors is proportional to the concentration of attractant in the environment (Springer et al., mediated kinase inhibition is used to estimate the 1979), a plausible mechanism to increase the range of strength of the ligand-binding interaction, since the kiconcentrations to which bacteria can respond and adapt nase activity reflects only the binding interaction with is to weaken the ligand-binding interaction as the level of receptors that are in communication with CheA. We have covalent modification is increased. By varying covalent used such an approach here to provide evidence for a modification on the receptor through a feedback loop dramatic influence of covalent modification on ligand mediated by the transferase and esterase, the optimum binding. The results also indicate that CheA activity is sensitivity to gradients in the ligand concentration may regulated by cooperatively linked clusters of receptors. be maintained. However, in spite of several studies, no Finally, an unexpected finding is reported: the presence clear consensus in support of this mechanism has been of ligand can greatly accelerate the rate of ternary comfound (Yonekawa and Hayashi, 1986 ; Dunten and Koshplex formation in which the kinase is active. This last land, 1991; Borkovich et al., 1992; Lin et al., 1994; Iwama result implies that the assembly and disassembly of the ternary complex is more rapid than currently appreciated, and may be comparable to the time scale of the ‡ To whom correspondence should be addressed (e-mail: rmweis@ chem.umass.edu).
signaling process. Taken together, these observations offer new insights into signal transduction in the bacterial chemosensory system. We conclude that ternary that serine catalyzed the receptor-CheW-CheA complex complex formation is required for covalent modification formation. This interpretation is supported by the activity to modulate ligand binding, and that this is the means data of Figure 1B , in which the extent of CheA autophosby which receptor sensitivity is regulated in vivo.
phorylation was assessed at various times after complex formation was initiated. CheA phosphorylation is rapid in the apo receptor comreceptor complexes, the time needed to achieve an plex, and is inhibited by ligand binding (vide infra; Borequilibrium concentration of the receptor-CheA-CheW kovich and Simon, 1990), it is clear that serine accelerternary complex was determined. To assess these kinetates receptor complex formation at concentrations that ics, aliquots from a mixture of wild-type serine receptor are insufficient to inhibit CheA autophosphorylation. (Tsr QEQE ), CheA, and CheW were analyzed to determine Based on these results, it was possible to conduct the the extent of complex formation at various times after phosphorylation experiments under conditions in which mixing. Two indicators of complex formation were used; the extent of complex formation had reached equi-(i) an assay in which the free CheA remaining in the librium. supernatant was measured after removing the receptorcontaining vesicles by sedimentation ( Figure 1A) Relative to the effect complex, or even the knowledge that a single molecular of covalent modification, these choices for R 2,tot had little formula is sufficient to describe the situation in the memeffect on the results. brane, we chose a simple two-state model for kinase Tables 1 and 2 list the inhibition constants derived regulation from which an empirical estimate of cooperafrom fits of the data using an all-or-none model for cooptivity (n) can be obtained (Hill, 1913) . According to the erative interactions. Each data set was analyzed at the model, the ligand-bound form of the complex is inactive, specified concentrations of R 2,tot . The range of K values and the total ligand concentration at which the activity from the lowest to the highest level of covalent modificais half maximal will be given by tion was found to be on the order of 10 4 . In the limit of weak interactions,
solely by the inhibition constant, and as expected, the estimates of K i 1/n for Tsr QQQQ -CheA complexes are independent of the choice for R 2,tot . In the tight binding limit, in which the total ligand concentration at half maximum L 0.5 is strongly influenced by the choice of R 2,tot , indicating activity (L 0.5 ) depends only on the total concentration of that the inhibition experiment measures the concentrareceptor dimers (R 2,tot ), and the reciprocal of the enzyme tion of receptor complexes. Still, these data can serve inhibition constant per receptor dimer (K i Ϫ1/n ). Equation 1 is approximate because the contribution to ligand to estimate an upper limit for K i Ϫ1/n , and so R 2,tot was also The underlying causes of this behavior may be viewed so, the modulation of binding by amidation is sufficient to span the range of concentrations over which bacteria in at least two ways. On the one hand, the strength of the cooperative interaction may be constant, and the have been observed to respond. The data also provide other new information about change in n reflects a change in the number of cooperatively linked subunits. Alternatively, the variation in n the properties of the ternary complex: that ligand binding and kinase regulation involve cooperative interactions could reflect changes in the strength of the cooperative interactions within a cluster of constant size. Since the among receptor dimers; that the extent of ternary complex formation depends on the level of covalent modifidistribution of cluster sizes and its variation with covalent modification are not known, the extent to which cation; and that ligand can catalyze formation of the ternary complex. these two effects contribute to changes in n is not
Covalent Modification Decreases Ligand Binding Affinity in Ternary Complexes
Our results provide evidence of a strong thermodynamic interaction between the sites of modification and the ligand-binding pocket in the receptor-CheW-CheA complex. The 10,000-fold variation in K i is expected to generate a similarly large variation in ligand binding affinity. Although significant discrepancies do occur between the constants determined by receptor binding measurements (K a ), and those inferred from kinetic data (K i ), there is reason to expect a strong correlation between K a and K i in the bacterial system. The ␤-adrenergic receptoradenylate cyclase system has served to illustrate that the complexity of the signaling pathway can contribute to this discrepancy (Ross et al., 1977) . In G proteincoupled pathways, the ligand-receptor binding equilibrium is linked indirectly to the enzyme activity, through several intermediate binding equilibria and catalytic events (Hamm, 1998 , and references therein), which contribute to the aforementioned discrepancy.
In contrast, the kinase activity of CheA is regulated CheA complex, which we assume to be equivalent to K i . The approxian equal volume of receptor inner membranes. Ovalbumin was inmate mass conservation relations for ligand and receptor dimer cluded at a concentration of 0.5 mg/ml to reduce nonspecific binding. After vortexing, the sample (45 l total volume) was distributed
n (5) as 3 l aliquots into a series of 0.5 ml microfuge tubes, to which 1 l of serine stocks (in phosphorylation buffer) was added to make 
